The catalytic performance of noble metals supported on zeolites and related materials such as Al-pillared clays (Al-PILCs) and mesoporous silica (MCM-41) for the hydrodesulfurization (HDS) of thiophene and benzothiophene as a model HDS reaction were investigated to develop highly active new HDS catalysts. Pt/HZSM-5, Rh/Al-PILM (montmorillonite), sulfided Rh/Al-PILH (hectorite) and Pt/MCM-41 catalysts showed high and stable activities for the HDS of thiophene which were higher than that of commercial CoMo/Al2O3 HDS catalyst.
Introduction
Hydrodesulfurization (HDS) of petroleum feedstocks is one of the most important processes used to produce clean fuels in the petroleum industry. The CoMo/ Al2O3 catalyst is widely used in the HDS process of petroleum.
Recently, the development of highly active HDS catalysts, which are more active than commercial CoMo/Al2O3 HDS catalyst, may allow the petroleum industry to produce much lower sulfur content fuels as an answer to the serious problems of environmental pollution on a global scale by acid rain caused by burning petroleum feedstocks1)-4).
Various catalysts have been proposed as new HDS catalysts5),6). Transition metals supported on zeolites7) -12) and related materials such as pillared clays13)-15) and mesoporous silicates16)-19) have high potential as new HDS catalysts.
We showed that noble metals supported on zeolites and related materials exhibit high activity for the HDS of organic sulfur compounds and these catalysts have high potential as second generation HDS catalysts20)- 35) In the present review, we describe our systematic studies on the catalytic performance of noble metals supported on zeolites and related materials such as Alpillared clays and mesoporous silicas for the HDS of thiophene and benzothiophene intended to develop highly active new HDS catalysts.
Activity Test and Catalyst Preparation
Hydrodesulfurization (HDS) of thiophene (TP) and benzothiophene (BT) over noble metals supported on zeolites and related materials (Al-pillared clays and mesoporous silicas) was carried out in a conventional fixed bed flow reactor under 0.1MPa.
Thiophene was introduced into the reactor by passing hydrogen (30 thiophene.
The H2/thiophene molar ratio (mol/mol) was 30 . Benzothiophene was introduced into the reactor as a 5mol% BT-decane mixture using a micro-feeder in the HDS of benzothiophene.
The H2/benzothiophene molar ratio (mol/mol) was 98 or 160. Reaction products from the HDS of thiophene and benzothiophene were analyzed by gas chromatography (FID: hydrogen-flame ionization detector).
Noble metals supported on zeolites, Al-pillared clays and mesoporous silicas were prepared by an impregnation method using noble metal chloride aqueous solutions and the amount of metal loading was 5wt%. All
Al-pillared clays (Al-PILCs) were prepared by ion exchange of clays with aluminum hydroxyl complex cations such as [Al13O4(OH) 24 Figure  1 shows the HDS of thiophene over various activities of noble metal/USY were remarkably changed by the noble metal and the order of the activities of these catalysts for HDS of thiophene was as follows: Pt/USY>Rh/USY>Pd/USY>>Ru/USY The initial activities of Pt/USY, Rh/USY and Pd/ USY were higher than that of commercial CoMo/Al2O3 HDS catalyst (dotted line). Pt/USY showed the highest activity and a relatively long catalyst life among these noble metal/USY catalysts.
The catalytic activity of Pt/USY for the HDS of thiophene was almost the same as that of Pt/HY24).
These results indicate that Pt/USY catalyst has both high hydrogenating ability and Bronsted acidity, which are necessary for the HDS of thiophene to proceed smoothly. The reaction products in the HDS of thiophene over Pt/USY catalyst were hydrogen sulfide, C2-C4 hydrocarbons and small amounts of C1 and C5+ hydrocarbons.
These results indicate that Pt/USY catalyst have both high activities for the HDS of organic sulfur compounds and hydrocracking of hydrocarbons. Furthermore, the catalytic activities of transition metals supported on USY such as Ni/USY, Co/USY, Fe/USY, Mo/USY (5wt% loading), 15wt%Mo/USY, 5 wt%Co(Ni)-15wt%Mo/USY were lower than that of CoMo/Al2O3 catalyst.
These results indicate that the hydrogenating abilities of these transition metals and their mixtures are inadequate.
Pt/USY showed high catalytic activity for the HDS of thiophene but the catalytic activity for the HDS of thiophene decreased gradually with the reaction time due to coke formation as shown in Fig. 1 . We tried to enhance the hydrogenating ability of Pt on USY by combining Pt with Pd and Rh to reduce the catalyst deactivation of Pt/USY by coke formation.
The combination of Pt with Pd on USY was effective and Pt-Pd/USY catalyst showed higher and more stable activity than Pt/USY catalyst for the HDS of thiophene as shown in Fig. 2 . This may be attributed to the increase of the hydrogenating ability of Pt for the precursor of coke formation by the combination of Pt with Pd. However, XRD analysis of the reduced Pt-Pd/ USY catalyst did not show whether Pt and Pd on USY formed alloys or not.
We found that Pt-Pd/USY catalysts showed high and relatively stable activities for the HDS of thiophene. However, catalyst deactivation of Pt-Pd/USY still occurred during the HDS of thiophene.
Thus, we tried to find HDS catalysts without catalyst deactivation with Fig. 4 . The reaction products from the HDS of thiophene over Pt/HZSM-5 catalyst were hydrogen sulfide, C2-C4 hydrocarbons (C2 10%, C3 40% and C4 50%) and small amounts of C1 and C5+ hydrocarbons.
These results indicate that Pt/HZSM-5 catalyst has high activities for both the HDS of organic sulfur compounds and hydrocracking of hydrocarbons as well as HDS seen on Pt/ USY and Pt-Pd/USY catalysts.
Pt/HZSM-5 catalyst showed remarkable high and stable activity for the HDS of thiophene in comparison with other noble metal/HZSM-5 catalysts.
The effect of sulfiding with H2S on the catalytic activity of noble metal/HZSM-5 for the HDS of thiophene and hydrocracking of benzene was examined to learn more about the basis of the high and stable catalytic activity of Pt/HZSM-5. Figure 5 shows the effect of presulfiding of Pt/HZSM-5 on the catalytic activity for the HDS of thiophene over Pt/HZSM-5 catalyst. Presulfiding of 5 shows the effect of sulfiding of Pd/HZSM-5 and Ru/HZSM-5.
The high and stable activity of the Pt/ HZSM-5 catalyst was little affected even by presulfiding with hydrogen sulfide but the activity of Pd/HZSM-5 and Ru/HZSM-5 catalysts decreased.
The activity of Rh/HZSM-5 catalyst was enhanced by presulfiding but the enhanced activity of Rh/HZSM-5 catalyst decreased with time as shown in Fig. 6 .
These findings suggest that Rh on HZSM-5 is changed into active rhodium sulfide species (RhSx) by presulfiding with H2S and the initial activity of Rh/ HZSM-5 catalyst is increased by presulfiding treatment. However, the hydrogenating activity of rhodium sulfide species formed on HZSM-5 for the precur- sors of carbonaceous deposits, which are formed on the strong Bronsted acid sites of HZSM-5 and causes the catalyst deactivation, is not sufficient. Figure 7 shows the effect of introduction of H2S (10 ml) on the hydrocracking of benzene over various noble metal/HZSM-5 catalysts.
The catalytic activity of noble metal/HZSM-5, except Pt/HZSM-5 for the hydrocracking of benzene, was completely poisoned by the introduction of hydrogen sulfide, but that of Pt/ HZSM-5 was almost completely regained with time as shown in Fig. 7 . Before the introduction of H2S, various low molecular weight hydrocarbons were formed in the hydrocracking of benzene on noble metal/ HZSM-5 catalysts.
However, the reaction products in benzene hydrocracking on Pt/HZSM-5 after introduction of H2S mainly consisted of cyclohexane. These results suggest that the metallic state of platinum is present on HZSM-5 before sulfiding and the catalyst has high hydrocracking ability for the benzene molecule. However, the hydrocracking activity of Pt/ HZSM-5 catalyst is weakened by the introduction of H2S but Pt/HZSM-5 catalyst does not lose the hydrogenating activity, i.e., the dissociation of hydrogen, with strong interaction to the acidic hydroxyl group at 3610cm-1, i.e., the Bronsted acid site, as shown in Fig.   8 . Therefore, the Bronsted acid site on the Pt/HZSM-5 catalyst is one active site for the activation of thiophene, whereas Pt is an active site for the activation of hydrogen.
In other words, the Pt/HZSM-5 catalyst is a bifunctional catalyst for the HDS of thiophene, in which both Bronsted acid sites and platinum metal are the active sites.
Further, the participation of spillover hydrogen in the HDS of thiophene over Pt/HZSM-5 catalyst was also assumed.
The catalytic activity of Pt/SiO2 (quartz) mixed mechanically with HZSM-5 was higher than that obtained by simple addition of the results for pure components as shown in Fig. 9 . This implies that spillover hydrogen on Pt/HZSM-5 also participates in the HDS of thiophene.
On the basis of these results, we propose a possible mechanism for the HDS of thiophene over Pt/HZSM-5 catalyst as shown in Scheme 1. In this mechanism, thiophene is adsorbed on the Bronsted acid site of Pt/ HZSM-5 and hydrogen is activated on Pt to form spillover hydrogen.
The spillover hydrogen formed on Pt attacks the reaction intermediate such as [S=C= CH-CH=CH2], which is formed by the decomposition of thiophene adsorbed on the strong Bronsted acid sites of the H-zeolites8),21). We showed that the catalytic activities of noble metals supported on USY and HZSM-5 for the HDS of thiophene are higher than that of CoMo/Al2O3 catalyst and these catalysts have high potential as new HDS catalysts for petroleum feedstocks.
We also examined the catalytic activities of noble metals supported on Al- Figure 11 shows the catalytic activities of various noble metals (Pt, Rh, Pd, Ru, Ir) supported on Al-PILM. The catalytic activities of these catalysts were markedly changed by the noble metal and the order of catalytic activity was as follows:
The catalytic activity of Rh/Al-PILM was the highest and was higher than that of CoMo/Al2O3 catalyst. The hydrocarbon products from the HDS of thiophene over noble metal/Al-PILM catalyts were mainly C4 hydrocarbons and small amounts of C1-C3 cracking products.
This result indicates that noble metal/Al-PILM catalysts have low hydrocracking activity for hydrocarbons. Figure 12 shows the catalytic activities of Rh and Pt supported on montmorillonite (M) and Al-PILM for the HDS of thiophene.
The catalytic activities of Rh and Pt supported on M were very low but those of Rh and Pt supported on Al-PILM were high.
These results indicate that the catalytic activities of noble metal/M catalysts were remarkably improved by the pillaring treatment of the M with Al2O3.
The Rh/Al-PILM catalyst showed high and stable activity for the HDS of thiophene among the noble metals supported on Al-PILM.
We also studied the catalytic properties of Rh/Al-PILM in more detail to obtain exact knowledge about the high and stable activity of Rh/Al-PILM for the HDS of thiophene.
We investigated the acidic properties of M and Al-PILM using the dehydration of 2-any catalytic activity for the dehydration of 2-propanol but Al-PILM showed high activity, indicating that acid sites exist on Al-PILM and the acid sites act as one active site for the HDS of thiophene over Rh/Al-PILM catalyst.
We examined the TPD spectra of ammonia adsorbed on M and Al-PILM to assess the strength of acid sites of Al-PILM.
The desorption peak of NH3 was not observed on M but a large peak was observed on Al-PILM with the maximum desorption peak at about spectra of zeolites and related materials28),29) in which the former and latter peaks are assigned to weak and strong acid sites, respectively. The infrared spectra of pyridine adsorbed on M and Al-PILM were observed to examine the type of acid sites on Al-PILM as shown in Fig. 13 . The spectra (b) of adsorbed pyridine on M included no adsorption bands of pyridine.
This indicates that there is no acid site on M. In contrast, the absorption bands of pyridine at 1459cm-1 and 1561cm-1 were observed in the spectra (d) on Al-FILM.
This implies that Al-FILM contains both Lewis (1459cm-1) and Bronsted (1561 We also studied the mechanism of HDS of thiophene over Rh/Al-PILM catalyst. The Lewis and Bronsted acid sites on Rh/Al-PILM catalyst presumably act as active sites for the activation of thiophene, whereas rhodium metal on Al-PILM acts as active sites for the activation of hydrogen.
We confirmed the existence of spillover hydrogen in the HDS of thiophene over Rh/Al-PILM catalyst. Therefore, we propose a possible mechanism for the HDS of thiophene over Rh/Al-PILM catalyst as shown in Scheme 2.
In the proposed mechanism, hydrogen is activated on Rh metal to form spillover hydrogen and thiophene is activated on both Lewis and Bronsted acid sites to form activated thiophene (X*). The spillover hydrogen formed on Rh transfers into the interlayer space of Al-PILM and attacks the activated thiophene (X*) species formed on the acid sites. Furthermore, Rh/Al-PILM catalyst can be considered to behave as a bifunctional catalyst for the HDS of thiophene like the Pt/USY and Pt/HZSM-5 catalysts.
We also examined the catalytic activities of noble metals supported on various Al-PILCs such as Al-FILM, Al-PILS and Al-PILH for the HDS of thiophene with and without presulfiding treatment using 5vol% Fig. 15 . In the HDS of benzothiophene over Rh and Pt supported on Al-PILCs, the main reaction products were ethylbenzene and small amounts of hydrogenated benzothiophene, and the decane solvent for benzothiophene underwent little hydrocracking. These results indicate that Pt/Al-PILH has potential for use as a new HDS catalyst for petroleum feedstocks.
Hydrodesulfurization over Noble Metals Supported on Mesoporous Silicas
We found that noble metals supported on zeolites and pillared clays had high catalytic activities for HDS of thiophene and benzothiophene.
However, the pore diameter of zeolites (0.6-0.7nm) and pillared clays (0.7-0.8nm) is insufficient for treating the much larger organic sulfur compounds contained in vacuum gas oil and heavy oil. Therefore, the development of new HDS catalysts based on mesoporous materials with larger pore diameter than zeolites and pillared clay is desirable to treat large molecular organic sulfur compounds.
Recently, mesoporous silicas such as FSM-16, MCM-41 and SBA-15 with large pore diameter (3-5 nm) have been developed.
These new mesoporous silicas are attracting with attention as catalysts and catalyst supports. Some attempts have been made to develop new HDS catalysts using Co(Ni)-Mo and mesoporous silica MCM-4116)-19).
We investigated the catalytic performance of various noble metals supported on mesoporous silicas FSM-1631), MCM-4132)-34) and SBA-1535) for the HDS of thiophene and benzothiophene to develop highly active mesoporous silica-based HDS catalysts for bulky organic sulfur compounds in petroleum feedstocks. We describe the catalytic performance of noble metals supported on MCM-41 as a typical support among the mesoporous silica family. The Pt/MCM-41 catalyst showed the highest activity for the HDS of thiophene and the activity of Pt/MCM-41 catalyst was higher than that of CoMo/Al2O3 catalyst.
In the HDS of thiophene over Pt/MCM-41 catalyst, the main reaction products were C4 hydrocarbons (butane 88%, butenes 11.5%) and small amounts of Cl-C3 hydrocarbons (0.5%). These results indicate that Pt/MCM-41 catalyst has high hydrogenating activity for unsaturated C4 hydrocarbons and low hydrocracking activity for hydrocarbons in the presence of hydrogen sulfide formed in the HDS reaction. Pd MCM-41 catalyst showed high and stable activity for the HDS of thiophene among the noble metals supported on MCM-41.
We also studied the catalytic properties of MCM-41 in the HDS of thiophene in more detail. The effect of introduction of hydrogen sulfide on the catalytic activity of Pt/MCM-41 was examined to learn more about the origin of the high and stable activity of Pt/MCM-41 catalysts.
The introduction of hydrogen sulfide (3 ml/min) was performed using a microfeeder with a glass syringe. The catalytic activity of Pt/MCM-41 was remarkably decreased by the introduction of hydrogen sulfide in the course of the HDS reaction. However, the decreased activity was almost restored after cutting off the hydrogen sulfide as shown in Fig.  17 . This shows that hydrogen sulfide is reversibly adsorbed on Pt/MCM-41.
We also examined the effect of introduction of ammonia on the catalytic activity of Pt/MCM-41 in the HDS of thiophene to clarify the role of the acidic properties of Pt/MCM-41 in the HDS of thiophene. The introduction of ammonia (3ml/min) was carried out using a microfeeder with a glass syringe as used for hydrogen sulfide. The catalytic activity of Pt/MCM-41 was decreased by the introduction of ammonia in the course of the HDS reaction and the decreased activity was completely regenerated after cutting off the ammonia as shown in Fig. 17 .
On the other hand, the catalytic activities of Pt/ MCM-41 were remarkably decreased by the addition of a small amount (0. We studied the mechanism of HDS of thiophene over Pt/MCM-41 catalyst. We suppose that the surface silanol group (Si-OH) of MCM-41 in the Pt/ MCM-41 catalyst acts as the acid site and this is also the active site for the activation of thiophene, whereas Pt metal on MCM-41 acts as the active site for the activation of hydrogen in the HDS of thiophene.
We observed the infrared spectra of thiophene adsorbed on Pt/MCM-41 to clarify the interaction of silanol group with thiophene.
In the background specsilanol group (Si-OH) was observed at 3743cm-1 as shown in (a) in Fig. 18 . After introduction of 1.47 kPa of thiophene onto the Pt/MCM-41, the absorbance of the silanol group at 3743cm-1 decreased considerably and a large and broad peak at 3608cm-1, which is assigned to the silanol group interacting with a thiophene molecule, appeared as shown in (b). However, the decreased absorbance of silanol group was regenerated by decreasing the pressure of thiophene in gaseous phase as shown in (c)-(e). After evacuation of thiophene in the gaseous phase at room temperature, the absorbance of the silanol group was completely restored as shown in (f). In addition, we observed the band of fundamental ring stretching of thiophene adsorbed on Pt/MCM-41 at 1409cm-1 in the presence of thiophene in the gaseous phase but no clear bands due to the interaction between thiophene and Pt of Pt/MCM-41. These results indicate that the thiophene molecule interacts predominantly with the surface silanol group on MCM-41 rather than Pt, but the interaction between the silanol group and thiophene is not so strong. These results confirmed that thiophene is adsorbed and activated on the silanol group of MCM-41 in the HDS of thiophene over Pt/MCM-41 catalyst.
Furthermore, the existence of spillover hydrogen in We studied the catalytic properties of Pt/MCM-41 in the HDS of benzothiophene in more detail.
The effect of the introduction of hydrogen sulfide on the catalytic activity of Pt/MCM-41 was examined to learn more about the basis of the high and stable activity of Pt/MCM-41 catalyst. The introduction of hydrogen sulfide (3ml/min) was used a microfeeder with glass syringe. The catalytic activity of Pt/MCM-41 was hardly changed by the introduction of hydrogen sulfide in the course of HDS reaction as shown in Fig.  20 . This shows that Pt/MCM-41 catalyst has sulfur tolerant properties for the HDS of benzothiophene as well as for the HDS of thiophene.
However, we showed that the catalytic activity of Pt/MCM-41 for the HDS of thiophene was remarkably decreased by the introduction of hydrogen sulfide in the course of HDS reaction and the decreased activity was almost restored after cutting off the hydrogen sulfide as shown in Fig.  17 . The difference in behavior of hydrogen sulfide between these two HDS reactions on Pt/MCM-41 might be attributed to the presence of solvent (in this case, decane) for thiophenic sulfur compounds or its absence in the other case.
Pt/MCM-41 showed high and stable activity for the HDS of benzothiophene among the noble metal/MCM-41 catalysts.
We studied the reaction mechanism of HDS of benzothiophene over Pt/MCM-41 catalyst. The acid site of MCM-41 in Pt/MCM-41 catalyst is important for the HDS of thiophene as shown in Scheme 3. Presumably the surface silanol group (Si-OH) of MCM-41 in the P/MCM-41 catalyst also acts as the active site for the activation of benzothiophene, whereas Pt metal on MCM-41 acts as the active site for the activation of hydrogen in the HDS of benzothiophene.
We observed the infrared spectra of benzothiophene adsorbed on MCM-41 to clarify the interaction of the silanol group with benzothiophene.
In the background silanol group (Si-OH) was observed at 3743cm-1 as shown in (a) in Fig. 21 . After introduction of 0.07kPa of benzothiophene onto the MCM-41, the absorbance of silanol group at 3743cm-1 decreased considerably and a large and broad peak at 3605cm-1, which is assigned to the silanol group interacting with benzothiophene molecule, appeared as shown in (b). However, the decreased absorbance of silanol group was partially regenerated by the evacuation at room temperature as absorbance of silanol group of MCM-41 was completely restored as shown in (d). In addition, we observed the bands of fundamental strectching and bending vibration modes of benzothiophene adsorbed on MCM-41 at 3103, 3060, 1592, 1497, 1456, 1421, 1343 and 1313cm-1 before and after evacuation at room temperature in (b) and (c). However, these bands disappeared 
